Aims/hypothesis Diabetes has a major negative effect on intensive care unit outcome. This has been partly attributed to impaired respiratory neuromuscular function. However, data on respiratory neuromuscular involvement in diabetes are lacking. This study therefore aimed to assess respiratory neuromuscular function related to diabetic polyneuropathy in patients with type 2 diabetes. Methods Respiratory neuromuscular function was assessed by the use of volitional tests and twitch mouth (TwPmo) and twitch transdiaphragmatic (TwPdi) pressures during non-volitional bilateral anterior magnetic phrenic nerve stimulation in 21 male type 2 diabetic patients without pulmonary disease and in 23 healthy, well-matched controls (forced expiratory volume in 1 s 103±11 vs 103±12% predicted; p=0.9). Results Both volitionally assessed maximal inspiratory and expiratory mouth pressures, and sniff nasal and transdiaphragmatic pressures were comparable between diabetic patients and controls (p>0
in diabetic patients compared with controls (1.3±0.5 vs 1.0± 0.4 kPa; p=0.04), while TwPdi was comparable (1.7±0.5 vs 1.6±0.7 kPa; p=0.6). Following subgroup analysis, patients with no or mild polyneuropathy (n=10) as assessed by neurological disability scoring had normal respiratory neuromuscular function, whereas patients with moderate or severe polyneuropathy (n=11) presented with markedly impaired respiratory neuromuscular function as indicated by TwPmo (1.3±0.4 vs 0.8±0.3 kPa; p=0.01) and TwPdi (1.9±0.6 vs 1.1±0.4 kPa; p<0.01). Conclusions/interpretation With regard to volitional tests, diabetes does not affect respiratory neuromuscular function. In contrast, the application of non-volitional phrenic nerve stimulation provides strong evidence that diabetic polyneuropathy, as simply assessed by neurological disability scoring, is associated with substantially impaired respiratory neuromuscular function in type 2 diabetic patients. 
Introduction
Skeletal muscle weakness is well-recognised as an important clinical manifestation of diabetic polyneuropathy [1] and is related to the severity of this condition [1] [2] [3] [4] . In addition, diabetes has a major negative impact on intensive care unit outcome [5, 6] , including prolonged weaning from mechanical ventilation [7] . Clinical observation also indicates that diabetes is associated with a markedly increased risk of developing respiratory failure [8] . Interestingly, a recent animal study demonstrated that diabetes induces severe impairment of diaphragmatic function, leading to a substantially decreased respiratory muscle capacity to deal with elevated workloads [8] . It has been suggested that these findings account to a large extent for the increased risk of respiratory failure in diabetic patients [8] .
To date, no human studies on respiratory neuromuscular function have provided clear evidence of respiratory neuromuscular involvement in diabetic patients, since only volitional tests were used in the few previous studies [9] [10] [11] . However, volitional tests on respiratory neuromuscular function are highly variable due to their dependency on the participant making a truly maximal effort. Therefore, a definitive diagnosis of respiratory neuromuscular impairment in diabetic patients can only be established by the use of non-volitional tests, which are the most accurate way of assessing diaphragmatic function and currently represent the gold standard technique [12, 13] . For this reason, the present study aimed to investigate respiratory neuromuscular function in a representative group of type 2 diabetic patients with varying degrees of diabetic polyneuropathy, using both volitional and, for the first time, non-volitional tests on respiratory neuromuscular function.
Methods
Ethics The present study was performed in agreement with the ethical standards laid down in the Declaration of Helsinki. The study protocol was approved by the Institutional Review Board for Human Studies at the AlbertLudwigs University Freiburg, Germany. Written informed consent was obtained from all participants.
Patients and controls The current study enrolled 21 men with type 2 diabetes. Initial neurological examination was carefully performed on all participants, yielding a neurological disability score (NDS) [14, 15] and neuropathy symptom score (NSS) [15, 16] . These scores were used to apply appropriate, and at the same time manageable, tests for diagnosing and rating diabetic polyneuropathy. The minimal criteria for diabetic polyneuropathy were adopted [14, 17] . NDS values were used for subgroup definition of diabetic polyneuropathy, since these values have been reported to predict the development of distal muscle weakness in type 2 diabetic patients and have also been suggested to be a surrogate estimate of this complication [3] . Type 2 diabetes was diagnosed according to recent international guidelines [18] . All patients were receiving appropriate medical therapy. Ten patients were being treated with oral glucose-lowering agents and the remaining eleven patients with daily insulin injection therapy. Diabetic patients with primary lung disease, severe cardiac disease, rib cage abnormalities or musculo-skeletal disorders were excluded from the study. None of the patients had received systemic corticosteroids in the 12months prior to the study. Twenty-three healthy men, without lung, cardiac or metabolic disease, and matched for age and BMI, served as controls. All diabetic patients and controls were naive to the experimental setting and to magnetic stimulation.
Lung function testing and biochemical markers Lung function was assessed in accordance with international guidelines [19] using body-plethysmography (MasterlabCompact; Jaeger, Hochberg, Germany). A blood sample was drawn from each participant for determination of nonenzymatic HbA 1c as a marker of metabolic control in diabetic patients.
Pressure and airflow recordings All airflow and pressure recordings were measured using a pneumotachograph and pressure transducer (ZAN 100 Flowhandy II and ZAN 400, respectively; ZAN, Oberthulba, Germany). Mouth occlusion pressure after 0.1 s of inspiration (P 0.1 ) was assessed at functional residual capacity and used as an estimation of ventilatory drive, according to recent recommendations [13] . In addition, the pneumotachograph registered breathing frequency, tidal volume (V T ) and inspiration time (t i ) during quiet breathing. These data estimate the load imposed on the inspiratory muscles by calculating the effective inspiratory impedance as P 0.1 /V T /t i [20] . Maximal inspiratory mouth pressure sustained for 1 s (P Imax ) was measured as described previously [21] . Respiratory capac-ity was assessed as P 0.1 /P Imax [22] to avoid underestimation of a potentially increased ventilatory drive in the presence of inspiratory muscle weakness. Maximal expiratory pressure (P Emax ) was assessed at total lung capacity according to recent guidelines [13, 23] . Sniff pressures were obtained at functional residual capacity as described previously [24] .
During bilateral anterior magnetic phrenic nerve stimulation (BAMPS), twitch mouth (TwPmo), twitch oesophageal (TwPes) and twitch gastric (TwPga) pressures were recorded at functional residual capacity (Magstim 200   2 ; Magstim, Whitland, UK) [25] [26] [27] . BAMPS has been consistently demonstrated to achieve supramaximality in several previous studies and this was therefore not re-tested in the present study [25, 28, 29] . A fully automated and controlled inspiratory pressure trigger was applied at 0.5 kPa for TwPmo, as previously established [27, 30] . TwPes and TwPga were measured using a thin conventional doubleballoon catheter (ZAN, Oberthulba, Germany) in line with previous recommendations [13, 31] . Twitch transdiaphragmatic pressure (TwPdi) was calculated as the difference between TwPes and TwPga pressure-time curves by online point-to-point subtraction of TwPes from TwPga. The time between trigger impulse and maximum TwPmo (t trig-max ) was automatically registered by the computer device. Higher t trig-max values indicate a pronounced delay between nerve stimulation and muscle contraction. Accordingly, this measure estimates phrenic nerve conduction time. Inspiratory pressure and inspiratory flow at triggering twitch pressures (P trig and F trig , respectively) were recorded during triggering of twitch pressures to confirm adherence to the trigger criteria outlined previously [27, 30] . Further details on the experimental setting for magnetic stimulation used in the present study have been published previously by our group [27, 30] .
Study hypotheses The primary parameter of comparison in the current study was defined as the difference in respiratory neuromuscular function between diabetic patients and controls, as assessed by non-volitional TwPmo and TwPdi. Due to its superior non-volitional and non-invasive characteristics, TwPmo was designated as the primary parameter of comparison used for sample size determination. Further parameters of comparison were: (1) differences in respiratory neuromuscular function between diabetic patients with no or mild (NDS< 6) and those with moderate or severe (NDS≥6) diabetic polyneuropathy following subgroup analysis; (2) differences in volitional tests on neuromuscular function between diabetic patients and controls; and (3) differences in central respiratory drive, load imposed on the inspiratory muscles and the respiratory capacity between diabetic patients and controls. Associations between parameters both of neuromuscular function and clinical and biochemical characteristics in diabetic patients were also investigated.
Statistical analysis Statistical analysis was performed using Sigma-Stat software (Version 3.1; Systat Software, Point Richmond, CA, USA). All data are presented as mean±SD. The null hypothesis for the primary parameter of comparison of the current study was determined as no difference in mean TwPmo values between diabetic patients and controls.
According to sample size determination (unpaired t test, desired power 0.80, two-sided type I error 0.05), the null hypothesis can be rejected with 21 participants in each group, based on an estimated SD of 0.33 kPa for mean TwPmo and a difference of at least 0.30 kPa between the two groups. Comparison between two groups was performed using the unpaired t test (normally distributed data) and the Mann-Whitney rank-sum test (non-normally distributed data). For all calculations comparing more than two groups, one-way ANOVA was performed. In the event that differences were detected, an all pair-wise comparison was included using the F test (Kruskal-Wallis one-way ANOVA on ranks). Pearson product moment correlation was used for correlation analysis. Linear regression analysis was performed where appropriate [32] . Statistical significance was assumed at a p value of <0.05.
Results
Participant characteristics Demographic, clinical and lung function parameters for all groups are shown in Table 1 . According to NDS, ten diabetic patients presented with no or mild diabetic polyneuropathy (NDS<6) and 11 patients had moderate or severe diabetic polyneuropathy (NDS≥6). With regard to NSS, ten patients had no or mild diabetic polyneuropathy (NSS<5) and 11 presented with moderate or severe diabetic polyneuropathy (NSS≥5). Seven patients met both criteria for moderate or severe diabetic polyneuropathy (NDS≥6 and NSS≥5). There was no difference in age (p=0.36) and BMI (p=0.30) when comparing the different groups following ANOVA. Lung function was normal in all participants with no differences among groups (ANOVA, p>0.2 in all instances). Mean duration of diabetes, mean NSS and mean HbA 1c values did not differ significantly among the diabetes subgroups with neuropathy (p>0.2 in all instances).
Ventilatory characteristics and volitional tests on respiratory neuromuscular function Mean values for ventilatory drive (P 0.1 ), the load imposed on the inspiratory muscles (P 0.1 /V T /t i ), respiratory capacity (P 0.1 /P Imax ) and for the volitional tests on respiratory neuromuscular function (P Imax , P Emax and sniff pressures) are presented in Table 2 with footnotes indicating missing data for a particular variable where appropriate. No differences among the groups could be detected according to ANOVA (p>0.3 in all instances). Mean values for P Imax , P Emax and sniff pressures are illustrated in Fig. 1 .
Non-volitional tests on respiratory neuromuscular
function Twitch pressures and corresponding data in controls and diabetic patients are given in Table 2 . Adequate TwPmo recordings were obtained from 21 of the 23 controls and from all of the 21 patients. Accordingly, suitable TwPdi recordings were available from 18 controls and 18 patients. Other participants declined either magnetic stimulation or catheter placement, or failed to produce enough acceptable twitch pressure time curves according to clearly predefined criteria [27, 30] . ANOVA revealed differences in TwPmo and TwPdi among the three groups. Inclusion of an all pair-wise comparison detected a reduction in mean TwPmo when controls were compared with all diabetic patients (p=0.04), whereas TwPdi values were comparable (p=0.56; Table 2 ). In contrast, both TwPmo (p=0.01) and TwPdi (p<0.01) were significantly lower in diabetic patients with NDS≥6 than in those with NDS<6, while the latter had no impairments when compared with controls (Table 2) . Mean values for twitch pressures comparing controls with all diabetic patients are illustrated in Fig. 2a . Furthermore, comparison of twitch pressures between controls and diabetic patients grouped according to NDS<6 and NDS≥6 are shown in Fig. 2b . Importantly, the time span between trigger impulse and Correlations between respiratory neuromuscular function and both clinical and biochemical characteristics in diabetic patients In diabetic patients, the parameters assessing respiratory neuromuscular function were not correlated to the duration of diabetes, NSS or HbA 1c (p>0.05 in all instances). However, higher values for NDS were associated with lower values for TwPmo, almost reaching statistical significance (r=−0.43; p=0.0516). In patients with NSS≥5 (n=11), TwPmo (r=−0.73; p=0.01) and TwPdi (r=−0.87; p=0.005) were highly correlated to NDS values. Linear regression analysis for TwPdi and NDS in these patients is illustrated in Fig. 3 . Following multiple linear regression analysis adjusting for age, BMI, NSS and NDS, TwPmo in diabetic patients can only be predicted from NDS (p<0.01), but not from age, BMI or NSS (p>0.05 in all instances).
Discussion
The present study provides strong evidence that diabetic polyneuropathy affects respiratory neuromuscular function in patients with type 2 diabetes. The main findings are that impaired respiratory neuromuscular function, which is strongly related to diabetic polyneuropathy, occurs in type 2 diabetic patients as assessed by the primary outcome parameter TwPmo. This was particularly true for patients with symptoms of polyneuropathy in addition to neurological disability. In contrast, patients without manifest diabetic polyneuropathy had normal respiratory neuromuscular function. Co-morbidities known to be associated with respiratory muscle disorders were excluded in diabetic patients, as demonstrated by normal lung function parameters, respiratory drive, capacity and impedance. Thus, we suggest that the present findings of impaired respiratory neuromuscular function can be exclusively attributed to type 2 diabetes.
In the present study, several tests on respiratory neuromuscular function were performed in accordance with international guidelines [13] , including both volitional and non-volitional tests. Interestingly, all results from volitional tests were comparable in diabetic patients and controls, indicating that global respiratory neuromuscular function is preserved in these patients. This is in line with previous studies [9] and supports the clinical observation that chronic respiratory failure caused by respiratory muscle weakness is unlikely in diabetic patients [33] . However, Fig. 1 Data for volitionally assessed P Imax and P Emax , and sniff nasal (SnPna) and transdiaphragmatic (SnPdi) pressures in diabetic patients (all, white hatched bars; NDS<6, solid grey bars; NDS≥6, grey hatched bars) and controls (solid white bars). Error bars, 95% CI of the mean conflicting results of reduced sniff pressures in diabetic patients [10] and rare cases of respiratory muscle weakness representing the predominant manifestation of diabetic polyneuropathy [34] [35] [36] [37] have also been reported.
By the use of non-volitional tests, the current study establishes the diagnosis of impaired respiratory neuromuscular function associated with diabetic polyneuropathy in type 2 diabetic patients. In contrast, respiratory neuromuscular function remains unaffected, if diabetic polyneuropathy is not present. Interestingly, TwPmo can be predicted from NDS in diabetic patients, but not from age, BMI or NSS following multiple linear regression analysis. Although not apparent during the stable state of diabetes, this finding strongly supports the observations that (1) the risk of respiratory failure is increased in diabetic patients [8] and (2) weaning from mechanical ventilation is prolonged and can be accelerated by intensive insulin therapy [7] .
The pathophysiological background responsible for impaired respiratory neuromuscular function in association with diabetic polyneuropathy has not yet been conclusively investigated. However, several mechanisms have been proposed. The neuropathic process in diabetic patients is considered to be predominantly due to axonal loss rather than demyelination [38, 39] . In line with this, phrenic nerve conduction time has been reported to be similar in diabetic patients and their corresponding controls [40] . In addition, t trig-max estimating phrenic nerve conduction time in the present study was comparable between controls and diabetic patients. Of note, t trig-max was not prolonged in the subgroup with moderate or severe diabetic polyneuropathy. For these reasons, a relevant demyelination of phrenic nerves in diabetic patients seems unlikely [40] and axonal loss of phrenic nerves is the most likely mechanism to explain reduced diaphragmatic strength. No evidence of neuromuscular transmission failure has been provided in diabetes [41] . However, myopathic processes [41, 42] , changes in muscle fibre composition [43] , reduced capillary density in skeletal muscles [43] , abnormal action potential waveform [41, 43, 44] and the occurrence of phrenic nerve palsy associated with diabetic polyneuropathy [45] have previously been reported. In addition, autonomic neuropathy has been shown to affect respiratory function by impairing hypoxic ventilatory drive [46] . Parameters assessing respiratory neuromuscular function were not correlated with the duration of diabetes or values for HbA 1c in the current study; this supports previous findings [10] .
This study has certain limitations, which need to be addressed. First, neuromuscular function assessment was focused exclusively on respiratory muscles, thus leaving potential peripheral muscle impairment unexplored. Nonetheless, numerous studies have demonstrated that peripheral muscle impairment occurs in diabetic patients and is related to the severity of diabetic polyneuropathy [1] [2] [3] [4] . Furthermore, it remains uncertain whether nerve disorder as such, neuromuscular cross-link disorders, downstream muscle dysfunction or a combination of different pathologies are responsible for impaired muscle force generation. Second, subgroup analysis for diabetic patients with no or mild polyneuropathy compared with those with moderate or severe polyneuropathy was not explicitly powered and sample size was small due to the demanding study design. Therefore, the estimation of differences between the two groups could be misjudged, although this seems unlikely. Studies including larger sample sizes are needed to further investigate associations between diabetic polyneuropathy and respiratory neuromuscular function in diabetic patients. Finally, several tests for diagnosing and rating polyneuropathy have been introduced in clinical practice [47] . It cannot be excluded with certainty that the application of tests other than the NSS and NDS used in the current study could have led to different ratings. However, currently no gold standard exists for diagnosing diabetic polyneuropathy [48] and the tests applied in this study meet the required criteria as outlined previously [47, 48] .
In conclusion, volitionally assessed respiratory neuromuscular function is not affected in type 2 diabetic patients. In contrast, the current study provides first evidence that diabetic polyneuropathy, as assessed by simple clinical examination, is associated with substantially impaired respiratory neuromuscular function in type 2 diabetic patients, when nonvolitional gold-standard phrenic nerve stimulation is applied.
